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GENERAL INTRODUCTION 
Significance and Objective 
In an efTon to maintain seed quality, maize (Zea mays L.) seed ears are routinely 
harvested at a high moisture content and mechanically dried to approximately 120 g H,0 kg"' 
fresh weight (fw) moisture. Although drying temperatures normally range from 35 to 41 °C. 
the limited number of harvest days coupled with threats of early frost, concerns about field 
deterioration, insect, microorganisms and disease attack, and demands on drying equipment 
often compel seed producers to use even higher drying temperatures. Furthermore, a 
substantial amount of seed is normally carried over and stored for more than one year. These 
practices can result in reduced seed quality. There are some reports on the effects of drying 
on seed quality parameters but little information on the physiological and biochemical 
changes associated with drying and drying following storage. Understanding the basis for the 
two associated processes should provide a better understanding of the mechanisms involved 
in drying and aging damage. The information may help the seed industry to evaluate and 
reasonably handle these seeds. This research investigated physiological changes in maize 
seed quality associated with genotype, drying temperature and aging. The specific objectives 
were: 
1. To determine the effects of genotype, drying temperature, and aging on seed 
quality parameters. 
2. To identify the physiological and/or biochemical parameters or processes 
associated with seed drying and aging damage. 
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Literature Review 
Seed quality is often expressed as percent germination. Seed vigor is an additional 
useful parameter for both seed industry and plant growers. Seed quality is influenced by seed 
development, matiiration, drying and processing etc. Both natural drying during seed 
maturation and artificial drying after harvest can influence seed quality. In an effort to 
maintain seed quality, maize (Zea mays L.) seed ears are routinely harvested at a high 
moisture content and mechanically dried to approximately 120 g HjO kg ' fw moisture. The 
drying process has been identified as a cause of seed injury and economic loss. The 
following review will discuss some factors related to the drying process, corresponding 
metabolic changes, and possible drying injury and tolerance mechanisms. Heat and aging 
injuries will also be considered. 
Seed drying, metabolic changes and the possible mechanisms of desiccation tolerance 
The impacts of genotype, harvest moisture, drying temperature and rate on seed 
quality during drying 
During drying, several factors can influence final seed quality, such as, genotype, 
harvest moisture, drying temperature, drying rate etc. High drying temperatures (>45°C) 
may adversely influence seed germination and seedling vigor of maize (Navratil and Burris, 
1984). Genetic variation in susceptibility to reduced germination caused by high drying 
temperatures has been documented (Seyedin et al., 1984; Herter, 1987). Reiss (1944) 
reported that, based on vigor evaluations and germination data, the inbred R4 was more 
tolerant than the inbred WF9 to high temperatures during drying. Bdliya and Burris (1988) 
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determined that the maternal influence on the tolerance was highly significant and suggested 
the mitochondria as a possible factor in explaining this pattern. Certain female inbreds. such 
as B73 and Mo 17, are sensitive to high drying temperatures, whereas others, such as A632. 
are relatively tolerant. Dimmock (1947) suggested that seed quality could be improved if 
inbred lines that were tolerant of high temperature were used as the seed parents in hybrid 
seed production. 
Seed moisture at harvest and drying temperature are well documented as important 
components of safe seed drying. With progressive moisture loss in the field, maize seed 
becomes more tolerant to high drying temperatures. The safe threshold for seed drying lies 
near 40°C when ears were harvested at approximately 40-50% seed moistiu-e (Kiesselbach, 
1939; Washko, 1941; McRostie, 1949; Navratil and Burris, 1984). However, maize seed 
with a moisture content below 25% could be safely dried at 50°C (Wileman and Ullstrup. 
1945; Navratil and Burris, 1984). Seed harvested at 40-45% moisture, Navratil and Burris 
(1984) reported that higher levels of vigor (95% germination in the cold test) were achieved 
when a drying temperatiu-e of 40°C or lower was used. Maize seeds germinated well in a 
standard germination test when ears were harvested as early as 35 days after silking at 
approximately 60% seed moisture and dried at 35°C (Knittle and Burris, 1976). At that time, 
seeds had acquired only about half of their maximum dry weights. 
Even though genotype, harvest moisture, or seed maturity at harvest, and drying 
temperature play an important role in drying injury, drying rate is also an important factor 
which may influence drying injury. LePage-Degivry and Garello (1991) reported that the 
timing of desiccation tolerance acquisition was closely influenced by the rate of drying 
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imposed in Helinanthus annuns embryos and the younger embryos required a slower rate of 
drying. Navratil and Burris (1984) reported that the inbred line A632 dried more rapidly than 
B73 or Mo 17 and was also more tolerant to drying. They speculated that tolerant genotypes 
might be able to dissipate moisture at higher rates and therefore avoid prolonged exposure to 
high temperatures at high moisture contents during the drying process. Stnive (1958) found 
that similar levels of injury were obtained regardless of whether the seeds were dried at SO or 
30°C when shelled maize seed samples were desiccated rapidly in a vacuum. These 
investigations indicate that genotype, drying temperature, harvest maturity, drying rate and 
their interactions are important factors during drying process and can determine the extent of 
drying injury. 
Changes in metabolism associated with drying and possible mechanisms of 
desiccation tolerance 
Besides the difference in genotype sensitivity to drying injury Navratil and Burris 
(1984) and Washko (1941) demonstrated that root development was more susceptible to 
drying injury than shoot development during germination and early seedling development. 
Seyedin et al. (1984) reported that histochemical light microscopy of high temperature dried 
seed showed the hydrolysis of starch in the embryonic axis during the early stages of the 
drying process. They suggested that the higher electrical conductivity values of leachate 
from 50°C dried seed as compared with 35°C dried seeds harvested at approximately 500 g 
HjO kg"' fw were the result of hydrolysis of starch in the embryonic axis. Reductions in seed 
vigor were correlated with an increase in electrolyte leakage indicating that drying injury was 
involved in an alteration in cellular membrane permeability (Herter and Burris, 1989). It is 
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generally accepted that membranes are a sensitive site of desiccation damage. However, 
slow imbibition prior to germination did not reduce the expression of drying injury 
suggesting little membrane repair (Seyedin and Burris, 1982). Simon (1978) suggested that 
desiccation increased the leakage of cytoplasmic electrolytes by inducing one of two possible 
types of membrane damage. The first type of damage assumes that the membrane is repulsed 
during cellular collapse to form large discontinuities in the lipid bilayer, while, the second 
model suggests that desiccation induces an alteration in the hydrophobic-hydrophilic 
interaction within the membrane so that the structure of the cellular membranes below 200 g 
HjO kg"' hydration is different from that above 290 g HjO kg ' hydration. McKersie and 
Stinson (1980) reported that dehydration resulted in a reorganization of the cellular 
membranes in dehydration-sensitive seed. This reorganization did not involve a lipid phase 
change, but may result in changes in membrane integrity. Thus, conservation and 
stabilization of membrane structure are likely important mechanisms in the prevention of 
seed injury during drying. Several compounds, such as glycerol, glycogen, and trehalose, are 
synthesized in desiccation tolerant organisms in response to moisture loss and in preparation 
for drying (Bewley, 1979; Clegg, 1986; Crowe, J. H. and Crowe, L. M., 1982, 1986, Crowe 
et al.. 1987; Panek et al., 1986). Crowe, J. H. and Crowe, L. M., (1982,1984, and 1986) 
reported that in anhydrobiotic organisms, tolerance to dehydration was associated with 
stabilization of the lipid membranes by the disaccharide, trehalose. They suggested that 
trehalose acts as a spacer preventing contact between the phospholipid head groups in the 
collapsing membrane during drying. This spacer inhibits lipid fusion which may result in 
membrane lipid phase change. A similar stabilizing reaction may be operative in the 
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desiccation processes of dehydrating seed and pollen (Hoekstra and Roekel, 1988; Koster and 
Leopold, 1988). Maintenance of a functional lipid bilayer configuration in a biological 
membrane depends upon hydration bonding and interaction with water. Water not only 
serves as a solvent in biochemical reactions, but also as a structural stabilizer. Leopold and 
Vertucci (1986) and Koster and Leopold (1988) suggested that in the desiccation tolerant 
state some tissue specific compounds are able to resist crystallization. They also suggested 
that polyhydroxy compounds could substitute for water in stabilizing membrane structure 
during desiccation (Webb, 1965; Crowe, 1971; Santarius, 1973). Sucrose may serve as a 
principal contributor to desiccation tolerance along with the larger non-reducing 
oligosaccharides such as stachyose and verbascose in soybean seeds and other legumes 
(Amuti and Pollard, 1977; Kuo et al., 1988; Blackman et al., 1992), raffinose in maize seeds 
(Chen and Burris, 1990) and galactinol in castor bean and galacto-c/t/ro-inositol in 
buckwheat (Horbowicz and Obendorf, 1994). These oligosuccharides may serve to keep the 
sucrose from crystallizing (Koster and Leopold, 1988; Duffiis and Binnie, 1990; LePrince et 
al., 1990). Loss of these simple sugars from the seed usually correlates v^dth loss of 
desiccation tolerance and a reduction in vigor, viability, and storability. Koster and Leopold 
(1988) reported that reductions in raffmose concentration correlated with the loss of 
desiccation tolerance diuing germination. However, it has also been reported that the same 
changes in soluble sugar content in soybean axes are a part of normal carbohydrate 
metabolism during germination and are not related to desiccation tolerance (Bewley, 1986; 
Gould and Rees, 1964; Wahab and Burris, 1975). 
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Recent studies showed that sucrose and specific oligosaccharides may contribute to 
the formation of a glassy state in dry seeds (William and Leopold, 1989; Bruni and Leopold. 
1991,1992a, 1992b; Sun and Leopold, 1993; Dzuba et al., 1993; Maki et al., 1994). This 
glassy state may impart desiccation tolerance by stabilizing seed components during storage 
(Burke, 1986; Leopold et al., 1994). These include suppression of tissue collapse as water is 
withdrawn, avoidance of crystallization of cytoplasmic components, and increased resistance 
to water loss. It seems clear that the one possible mechanism of desiccation tolerance is the 
role that carbohydrates play in conserving and stabilizing membrane integrity. 
Because biological membranes are composed of phospholipids and proteins, 
carbohydrates play a role in desiccation tolerance by conserving and stabilizing the 
membrane phospholipid conformation and thermal properties. Chen and Burris (1991) 
reported that phosphatidylcholine accumulated during aquisition of desiccation tolerance, 
resulting in a doubling in the ratio of phosphatidylcholine (PC)/phosphatidylethanolamine 
(PE) within 48 h as the high-temperature desiccation tolerance was induced during 
preconditioning. The increase in PC/PE ratio coincided with a decrease in both phase 
transition temp>erature and enthalpy of transition indicating more stable membranes. The 
shift from linoleic acid (18:2) to oleic acid (18:1) during preconditioning was also reported. 
They speculated that the shift in fatty acids may result in membranes which more easily cope 
with high temperature desiccation. They suggested that alterations in phospholipid molecular 
species and changes in fatty acid composition to a more saturated composition in maize seed 
during preconditioning and saturation could be common mechanisms in high temperature 
desiccation tolerance. Other evidence from environmental stresses showed that under water 
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deficit stress, PE decreased and PC increased in wheat (Liljenberg and Kales, 1985) and in 
oat seedlings (Vigh et al., 1986) resulting in an increased drought resistance. Quinn (1983) 
suggested that changes in cell membranes under environmental stress are related to the 
appropriate balance of bilayer and nonbilayer configuration, whereas PE entered the 
hexagonal II configuration at low moisture content. It seems likely, therefore, that changes in 
individual phospholipids (PC and PE) are crucial to stabilizing membranes during both seed 
desiccation and environmental stress. 
Recently Osborne and Boubriak (1994) reviewed mechanisms by which specialized 
cells of different life forms have overcome the lethal effects of dehydration and considering 
that maintenance of genetic information is central to survival. Dasgupta et al. (1982) found 
that there were no changes in histone stability among desiccation-intolerant and tolerant 
seeds, but there were differences in the level of DNA synthesis upon imbibition of the 
intolerant and tolerant tissue. There was an increase of about 15% in the incorporation of 
thymidine in the more mature (tolerant) tissue. It was suggested that instability within the 
chromatin during desiccation can be attributed either to the DNA itself, or to changes in non­
histone proteins. Osborne and Boubriak (1994) reported that the DNA of desiccation-
intolerant and desiccation-tolerant cells of certain embryos {Secale cereale and Avena fatua) 
and wind-dispersed pollen had different biochemical and structural characteristics. As a 
dynamic and hydrated molecular in vivo, DNA can assume different conformational 
structures depending upon the water activity, the base sequence, and the presence of specific 
binding proteins. The attainment of stable secondary structures that are resistant to 
degradation in vivo at low water potentials is proposed as a likely accompaniment to 
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desiccation tolerance. In addition, chemical modification of the bases in DNA, the extent of 
methylation, and conformational changes could determine the expression of different gene 
sequences as cells pass from desiccation-intolerant to tolerant states. They concluded that 
these events may be part of a desiccation-regulated mechanism for survival of cells and for 
modifying gene expression in response to water stress. 
Protein expression associated with desiccation tolerance has been a ver>' interesting 
area. The late embryogenesis abundant (LEA) proteins, accumulate to a relatively high 
concentration, were first identified in cotton (Grossypium hirstum) embryos (Dure et al., 
1981). In addition to their appearance during the maturation drying phase of seed 
development, certain LEAs are inducible in detached seeds and vegetative issues by water 
stress and/or abscisic acid (Skriver and Mundy, 1990). One subset of LEAs within which 
there is considerable sequence homology between a number of diverse species has been 
variously termed LEA group 2 (Dure et al., 1989), dehydrins (Close et al., 1989; Roberson 
and Chandler, 1992), or responsive-to-ABA (RAB) proteins (Mundy and Chua, 1988). A 20 
KDa "dehydrin" LEA protein which was induced by ABA and water stress was found in 
maize seedlings (Close et al., 1989). In embryos and seedlings of wild rice (Zizania 
palustris) undergoing dehydration, proteins similar to the 20 KDa "dehydrin" were found 
(Bradford and Chandler, 1992). A specific heat soluble protein was found to increase relative 
to total heat soluble protein content as drying period increased and as harvest moisture 
decreased (Peterson, 1993). Wechsherg et al. (1994), using antibodies raised against a 23-
amino acid, lysine-rich sequence common to dehydrins, found that lower molecular mass 
proteins, which were induced by desiccation, were found only in more mature achenes of 
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Rununculus sceleratus L.. The molecular masses of desiccation-induced proteins changed 
during seed development from 18 KDa in seeds harvested at 13 days post anthesis (DPA) to 
31 KDa at 21 DPA. Placing seeds at 21 DPA in polyethylene glycol (PEG) at -1.5 MPa 
reduced seed moisture content and induced the accumulation of the 31 KDa protein. This 
protein was not detected when the seeds were transferred to water. These findings have led 
to the proposal that LEAs may provide protection against dehydration-induced damage 
(Baker et al., 1988; Dure et al., 1989) by binding water tightly during dehydration. Water 
binding prop>erties of desiccation tolerant plant tissues have been found to differ from those 
of sensitive tissues (Vertucci and Leopold, 1987). However, Gee et al. (1994) reported the 
accumulation of dehydrin like proteins (LEA-2) from desiccation-sensitive (recalcitrant) 
seeds of Aceraceae and Gramineae families. They suggested that the accumulation of these 
proteins did not define a desiccation tolerant tissue, and other factors may interact with LEAs 
to confer desiccation tolerance. Similarly Blackman et al. (1991) also concluded that LEAs 
alone were necessary but not sufficient to induce desiccation tolerance. 
Many important physiologicd and biochemiczd changes occur during seed 
desiccation. These changes include the maintenance of genetic information, membrane 
conservation which may involve critical levels of specific oligosaccharides, and the 
acquisition of important proteins associated with desiccation tolerance. The precise nature of 
desiccation injury and the specific mechanisms through which seeds withstand this stress is 
still not clear. Desiccation is a very complex process and it is unlikely that seeds depend on a 
single mechanism to retain physiological fimction upon rehydration. 
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Heat stress and possible mechanisms 
Few reports relate heat stress to seed quality. Most investigations on heat stress have 
been performed with other plant tissues or living plants. The mechanisms of heat stress have 
been ranked as direct or indirect heat injury (Levitt, 1972). Direct heat injury may involve 
both lipid and protein changes resulting in membrane change. Loss of membrane integrity at 
high temperatures could be due to either excessive fluidity and phase transition of lipids or to 
denaturation and aggregation of membrane proteins. Indirect heat injury involves damage to 
major organelles such as mitochondria and chloroplasts. Several studies have reported that 
environmental stress during seed development and maturity strongly alter the chemical 
composition of the seed membranes. Dombos et al (1989) reported that drought stress and 
high temperature during seed fill strongly influenced the fatty acid composition of membrane 
phospholipids in soybean seeds. Dombos (1988), in his review of the effect of high parent 
growth temperature on seed phospholipid composition, concluded that membrane lipid 
composition and fluidity may represent one of the mechanisms of heat injury on seed quality. 
Grass (1994) demonstrated that exposing seeds during their development to high 
temperatures resulted in metabolic changes as indicated by lowered mitochondrial activities 
and adenylate energy during the early stages of seed germination. Daniell et al. (1969) 
reported disorganization of the tonoplast, plasmalemma, and chloroplast membranes at the 
thermal death point and concluded that disintegration of cell membranes was the primary 
cause of heat injury. No injury was observed in dry seeds until the temperature was high 
enough to break the valence bonds in proteins and other protoplasmic compounds (Levitt, 
1980; Robbins and Petsch, 1932). Herter and Burris (1988) reported that initial drying 
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preconditioning at 3S°C rendered high moisture seed tolerant to subsequent drying at SO°C. 
Although not associated with moisture loss, seed preconditioning was a very effective 
mechanism to gain heat tolerance. Madden and Burris (1992) reported that a visible 
disruption of the matrix structure in high temperature dried maize seeds after 0 and 6 h of 
imbibition was associated with the degeneration of the mitochondria. 
Seed deterioration and possible mechanisms 
Aged seeds exhibit a variety of symptoms ranging from reduced viability to more or 
less full viability but with poor seedling vigor. It has been known that the establishment of 
respiration and an ATP energy-producing system are early and important events during 
germination. Throneberry and Smith (1995) showed that maize kernels that failed to 
germinate exhibited little respiratory activity. Respiratory pattem of deteriorated but still 
viable populations of seeds are more complex and variable. Mitochondria from axes of aged 
soybean seeds took up 10-40% more oxygen than those from axes of fresh seeds, but the 
amount of ATP produced per volume of oxygen consumed by mitochondria from fresh seeds 
was once twice that of mitochondria from old seeds (Bewley and Black, 1994). These results 
suggest that the oxidative phosphorylation of mitochondria extracted from deteriorated seeds 
have an electron transfer process which is partially uncoupled. Correlation between ATP 
content of imbibed seed and seedling vigor has been examined. Several investigators have 
reported that ATP levels increase only slowly during the hydration of aged seeds (Ching, and 
Schoolcraft, 1968; Ching, 1973 and Ching and Danielson, 1972). Madden and Burris (1992) 
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showed that drying temperature over 40°C resulted in a reduction of all the high energy 
nucleotide levels during the early stages of maize seed germination. 
It seems clear that membrane integrity is associated with seed deterioration. Loss of 
membrane integrity in aged seeds is suggested by the observation that frequently more 
substances leak into the medium from aged seeds than from unaged seeds (Matthews and 
Bradnock, 1968; Parrish and Leopold, 1977). Excess leakage of sugars may represent a loss 
of respiration substrate from some seed species, whereas others leak more amino acids than 
sugars. To what extent this leakage affects germinability is not known. Increased leakage of 
organic metabolites from deteriorated seed may indirectly result in their death by 
encouraging the growth of microorganisms (Bewley and Black, 1994). Basavarajappa et al. 
(1991) provided evidence for the loss of membrane integrity as the probable first deteriorate 
change during aging in maize seeds. Halmer and Bewley (1984), in their review of seed 
vigor, suggested membrane integrity is an important determinant of seed vigor, while excess 
solute leakage often indicates reduced vigor (AOSA, 1983). 
How membranes eind macromolecules become destabilized during storage under 
adverse conditions has been the subject of considerable research. The unsaturated fatty acids 
in membrane phospholipids are highly susceptible to peroxidative degradation. Generally 
this results in destruction of the fatty acids and the generation of a number of potentially 
toxic products. Free radicals are reported to cause the peroxidative degradation of the 
unsaturated fatty acids in membrane phospholipids and the macromolecule damage resulting 
in loss of membrane integrity (Osborne, 1980). Pammenter et al. (1974) stored aged com 
seed in a negatively charged field and found increased seed viability, supposedly by reducing 
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free radicals. However, there is no clear evidence for a buildup of free radicals in 
deteriorated seeds (Bewley, 1986). Therefore, Bewley and Black (1994) drew the conclusion 
that aging in some seeds under some conditions could be mediated by destabilization of 
membranes by free-radical initiated lipid peroxidation. 
Some genetic damage in the survivors of seed aging in several species has been 
observed. Roberts (1972) showed that there was an increase in chromosome damage with 
increased storage, as perceived by the increase in the number of aberrant cells and 
concomitant loss of viability. However, relatively few chromosome aberrations were 
observed after very harsh storage conditions at 45°C and 18% seed moisture content, even 
though viability was lost rapidly; therefore, Bewley and Black (1982) suggested that under 
accelerated aging conditions other lesions occur at a faster rate than chromosome breakage. 
Although any single lesion can result in the loss of viability or reduction of vigor, it is 
likely that seed aging elicits a number of metabolic changes. Thus, seed deterioration is a 
very complex phenomenon and there is no evidence for a single mechanism. 
Thesis Oi^anization 
This dissertation consists of a general introduction, literature cited, one paper entitled 
"Physiological changes in maize (Zea mays L.) seed quality associated with genotype, drying 
temperature, and aging", and general conclusions. The paper will be submitted for 
publication to Seed Science and Technology. The doctoral candidate, Dongsheng Feng, is 
the senior author on the paper with Dr. J. S. Burris as co-author. 
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PHYSIOLOGICAL CHANGES IN MAIZE SEED (Zea mays L.) QUALITY 
ASSOCIATED WITH GENOTYPE, DRYING TEMPERATURE AND AGING 
A paper to be submitted the Journal of Seed Science and Technology 
Dongsheng Feng and Joseph S. Burris 
ABSTRACT 
A limited number of harvest days coupled with threats of early frost often require 
harvesting seeds at high moisture and artificially drying to approximately 120 g HjO kg ' fw 
(fresh weight) moisture content for safe storage. Further, a substantial amount of seed is 
carried over in storage for more than one year. These practices often result in a loss of seed 
quality. This study was conducted to determine the effects of drying temperature and aging 
on seed quality parameters in A632 and B73 hybrids differing in sensitivity to drying 
temperature and to identify the physiological and biochemical parameters or processes 
associated with drying and/or aging damage. Compared with 35°C, drying at 45°C reduced 
seedling vigor of B73 harvested at 450 g HjO kg"' fw moisture whereas A632 was relatively 
tolerant. Greater reductions in seedling vigor for both A632 and B73 were found from high 
moisture seeds dried at 45°C and followed by four years of storage. Reductions in ATP, EC 
and GTP levels were demonstrated in both fresh and aged axes from seeds harvested at 450 g 
HiO kg ' fw moisture and dried at 45°C. Oxygen and (l-'^C)- or (6-'^C)-glucose uptake, and 
the evolution of '^COz fi"om (l-'^C)- or (6-'*C)-glucose in axes from seeds harvested at 450 g 
HjO kg"' fw moisture were reduced by high temperature drying or high temperature drying 
followed by four years of storage. Electron microscopy of axis tissues showed high 
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temperature drying followed by storage resulted in a developmental delay and the presence of 
electronic dense aggregates in conserve i mitochondrial matrix. Loss of cell membrane 
integrity during either high temperature drying or drying followed by storage was also 
reflected by the increased individual seed conductivity values. Both a developmental delay 
in mitochondria and the loss of cell membrane integrity contribute to the reductions in 
metabolic activity. Insufficient energy production due to the decline in metabolic activity 
further results in a reduction in seedling vigor. 
INTRODUCTION 
Because of a limited number of harvest days and threats of early firost, disease, and 
insect attack, hybrid maize (Zea mays L.) seed is often harvested at high moisture and 
artificially dried to approximately 120 g HjO kg"' fw moisture. Although drying 
temperatures normally range from 35 to 4rc, the demands on large scale drying facilities 
and their limited capacity often compel seed producers to use more than 4rc drying 
temperatures. During artificial drying the seed is exposed to large volumes of heated air to 
facilitate the removal of moisture. These practices often result in a reduction in seed quality. 
Further, a substantial amount of seed is carried over and stored for more than one year, thus 
seed aging is unavoidable. 
Maize seed harvested at seed moisture levels above 400 g HjO kg ' fw is intolerant of 
high temperature (>40°C) drying (Kiesselbach, 1939; Washko, 1941). The injury to cell 
membranes (Herter and Burns, 1989) results in reduced vigor and/or complete loss of 
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viability (Seyedin and Bums, 1982; Loeffler et al., 1985). Similarly, aged seeds exhibit a 
variety of symptoms ranging firom poor seedling vigor to reduced viability. 
Mitochondria are susceptible to damage fijom seed drying (Madden and Burris, 1992) 
and aging (Woodstock et al., 1984; Ferguson et al., 1990). Ultrastnicraral analysis of cclls 
from the radicle meristem region revealed a visible disruption of the mitochondrial matrix 
structure in high temperature dried tissue after 0 and 6 h of imbibition (Madden and Burris. 
1992). Attucci et al. (1991) extracted mitochondria from dry sunflower (Helianthus annuus) 
seeds and showed that the irmer membrane was distinct and continuous, but often the outer 
envelope membrane covered only distinct parts of the organelle, giving a patchy appearance. 
In addition to damage to the mitochondrial structure, activity and quantity of mitochondria 
were reported by McDaniel (1969) to directly influence barley {Hordeum vulgare) seed 
vigor. Soybean (Glycine max) seedlings from aged seeds had fewer mitochondria than those 
from fresh seeds (Abu-Shakra and Ching, 1967). 
Declines in germinability and vigor of drying damaged and aged seeds were reflected 
in reductions in oxygen uptake or respiratory rate (Madden and Burris, 1992; Abdul-Baki and 
Anderson, 1973; Abdul-Baki, 1980; Throneberry and Smith, 1955). Woodstock et al. (1984) 
and Ferguson et al. (1990) investigated the ability of seed tissue respiration to discern seed 
vigor differences due to aging and proposed that axis tissues were more directly associated 
with seed vigor than was storage tissue. Their results showed that respiratory rates were 
significantly lower in axis tissue of lower vigor seeds than in axis tissue of higher vigor 
seeds. Reductions in synthesis of polysaccharides, proteins, and RNA were also observed in 
aged seeds (Roberts et al., 1973; Van Onckelen et al., 1974; Woolhouse, 1969). Anderson 
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(1977) repoited that lower rates of protein synthesis in slightly deteriorated seeds were not 
due to losses in ribosomal or soluble fraction activities but rather were associated with 
reduced ATP content. A study utilizing high performance liquid chromatography (HPLC) 
for separation and quantification of nucleotides in wheat (Triticum aestivum) embryos 
indicated that at optimal germination temperature loss of viability was reflected in reduced 
levels of nucleotide triphosphate and nucleotide sugars during the early hours of imbibition 
(Standard et al., 1983). Maize embryonic axes from seeds harvested at approximately 500 g 
HiO kg ' fw seed moisture and damaged by a 45°C drying temperature exhibited lower ATP 
and uridine diphosphate glucose (UDPG) levels than those harvested at the same seed 
moisture and dried at 35°C (Madden and Burris, 1992). 
Very few studies have reported the relationship between pentose phosphate pathway 
(PPP) and high temperature drying and aging. Kharlukhi and Agrawal (1984) observed that 
with an increase in the duration of storage the Q/C, ratio decreased providing strong 
evidence for participation of PPP preceding the loss of viability. Lack of oxidative PPP 
activity also seemed to be a causative factor in soaking injury (Pretorius and Chris Small, 
1992). 
The present study investigated the effect of drying temperature and aging 
on seed quality parameters in two genotypes (A632 and B73) differing in sensitivity to 
drying temperature and some related physiological parameters or processes, such as, 
respiration rate, mitochondrial development, nucleotide levels, membrane integrity and the 
metabolism of radioactive glucose. Understanding the physiological basis for these processes 
may provide a better understanding of high temperature drying and aging injiuy. 
MATERIALS AND METHODS 
Seed production, sampling and storage 
Hybrid maize seed was produced at Iowa State University, Ames, Iowa. The inbred 
lines, A632 and B73, were used as the female seed parents, and a single cross, H99 x H9S. 
was the pollen parent. Random ear samples were harvested when seed moisture content 
reached 450 ± 20 (high harvest moisture) and 350 ±10 (low harvest moisture) g H,0 kg ' fw 
moisture. Ear samples were brought into the laboratory, husked, and immediately dried in 
thin-layer experimental dryers (Navratil and Burris, 1984) operated at either 35''C (low 
temperature drying) or 45°C (high temperature drying) to approximately 120 g H,0 kg"' fw 
moisture. The dried ears were hand-shelled, and the ear samples within each treatment were 
combined, placed in paper bags, and maintained in cold storage at 10°C and approximately 
45% relative humidity until analyzed. The freshly harvested seed samples were produced in 
1993 and aged samples in 1989. 
Germination and seedling vigor tests 
Quality tests included standard warm germination test (Knittle and Burris, 1976), soil-
free cold test (Loeffler et al., 1985), soaking germination test in which seeds were soaked in 
tap water for 24 h at either 10 or 20°C before standard warm germination tests, and a soil cold 
test using the rolled towel method (AOSA, 1983). Shoot and root tissues from normal 
seedlings were removed and dried for 24 h at 105°C for dry weight determination. 
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Embrvopig respiration measurement 
Oxygen uptake by embryonic axes was measured polarographically using a YSI 
Model 53 Biological Oxygen Monitor (Yellow Spring Instrument Co., Yellow Springs, Ohio) 
calibrated with air-saturated water at 2S''C. The oxygen concentration in air-saturated water 
was assumed to be 250 ^M. Six excised embryonic axes per sample were added to the 
sample chamber containing 3 ml air-saturated water. Oxygen uptake was recorded for 
approximately 5 min at 0,4,8,12, and 24 h after imbibition. Between measurement periods 
embryonic axes were removed from the sample chamber and kept on moist filter paper in the 
original petri dishes. 
Nucleotide extraction and determination 
The nucleotide extraction and determination procedures were similar to those used by 
Standard et al. (1983) as modified by Madden and Burris (1992). Embryonic axes were 
carefully excised from dry seed with a single edge razor blade and stored at 10°C until 
analyzed. Axes (40 mg per replication) were imbibed in petri dishes for 0 or 4 h. After 
imbibition, samples were homogenized in extraction buffer [8% (w/v) trichloroacetic acid 
(TCA), 20% methanol] in a mortar using a teflon-fitted pestle. Insoluble material was 
removed by centrifugation for 5 min at 9000 x g, pellets were washed and recentrifiiged. The 
two supematants were combined, TCA was removed by washing the samples six times in 
seven volumes of water-saturated diethyl ether, and samples were filtered using a 0.2 ^ pore 
size filter into sample vials and kept frozen until analyzed. The samples were kept on ice 
during all operations to minimize hydrolysis of nucleotides. Nucleotides were separated by 
HPLC. The elution buffer system consisted of buffer A [2 mM potassium dihydrogen 
orthophosphate (HPLC grade, Sigma) pH 2.75-2.80, with 8% (v/v) acetonitrile] and buffer B 
(0.6 M potassium dihydrogen orthophosphate, pH 3.3). Aliquots (12 jxl) of extract were 
injected onto a 250 x 4.6 nmi ID Supelcosil LC-SAX (5 |im) colunm (Supelco Inc., 
Belefonte, PA), and eluted with a concave gradient (20 min) from 100% buffer A to 100% 
buffer B, followed by a 5 min period of 100% buffer B at 1.6 ml min"'. The eluent was 
monitored at 254 nm and the absorbance peaks were identified by co-elution using standards. 
The peak areas were integrated and concentrations of nucleotides were calculated. 
Electron microscopy 
The maize seed embryonic axes were cut into three sections; shoot tip, mesocotyl 
meristem, and root tip. All sections were immediately placed in freshly prepared fixative 
consisting of 2% paraformaldehyde, 2% glutaraldehyde, 1.0 mM calcium chloride, and 0.05 
M phosphate buffer, pH 7.2, for 24 h at 4°C. The samples were rinsed for 15 min in 
phosphate buffer and double fixed with 1% osmium tetroxide in 0.05 M phosphate buffer for 
24 h at 4''C. Axes were then placed in 7% aqueous uranyl acetate (24 h at 4°C) as a stain-
preembedding step and then dehydrated in an ethanol graded series (25,50, 70,95,100%) for 
2 h in each step. Samples were then placed in propylene oxide and slowly infiltrated in 
Spurr's resin (Spurr, 1969; hard mixture). At the end of infiltration, samples were cast in 
pure resin in weighing dishes and polymerized at 70°C for 72 h. Thick sections (2 nm) were 
obtained to determine the specific location of the apical meristems and mesocotyl meristem. 
Thin sections (80 nm) of the different tissues were then cut using a Reichert Ultracut 
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microtome and a diamond knife. These sections were placed on 200 mesh copper grids and 
post-stained with lead citrate (Reynolds, 1963) and aqueous uranyl magnesium acetate 
(Stempak and Ward, 1964) for 20 min. The samples were viewed in a JEOL 1200-EX 
Scanning Transmission Electron Microscope and photographed using Kodak SO-163 film. 
Metabolism of fl-"C>-glucose and f6-'*C>-glucose 
Embryonic axes (100 mg) were incubated in IS ml flasks at 23 ± 2°C with constant 
shaking for 2 h. The incubation medium consisted of 0.2 ^Ci each of either (1 -'^C)- glucose 
(55 mCi/nmiole) or (6-'*C)-glucose (59 mCi/mmole) and 30 ^mole of cold glucose in a total 
volume of 2 ml. A piece of filter paper "trap" saturated with 99% monoethanolamine was 
placed in a centrifuge tube within the reaction flask. After 2 h, 1 ml of 0.1 N HCI was added 
to the incubation medium to stop the reaction. The flasks were shaken for an additional 10 
min after which the filter paper "tr^" and 100 ^l of incubation medium were removed to 
separate scintillation vials with 10 ml Scintiverse. Radioactivity was counted using LS-lOO 
liquid scintillation system and direct data readout module (Beckman Instructions, Fullerton. 
California). 
Conductivitv measurement 
Individual seed conductivity was determined on 40 seeds per sample in soaking trays 
of distilled water at 4, 8,12,16, and 24 h intervals. Conductivity of leachate was measured 




This experiment was treated as a completely randomized design with eight treatments 
and three replications for each treatment. The treatments were a factorial combination of two 
levels of temperature, two levels of age, and for two hybrids. Data were analyzed using the 
Statistical Analysis System (SAS) program. 
RESULTS 
Response of hybrids to desiccation 
As maturation progressed, seed moisture contents declined similarly in B73 and A632 
between 20 to 35 days after pollination (DAP). After 35 DAP loss of seed moisture slowed 
for B73 compared with A632 (Figure 1). The change in seed moisture content for both 
hybrids during artificial drying is shown in Figure 2. After 12 h of drying significant 
differences between hybrids and between drying temperatures were observed. 
The loss of seed moisture fi-om B73 was slower than from A632 at both drying temperatures. 
High temperature drying accelerated the loss of seed moisture from both hybrids. 
Approximately 84 h at 35°C and 60 h at 45 °C were required for A632 to reach 120 g HjO 
kg"' fw moisture content while B73 required 120 h at 35°C or 84 h at 45 °C. Thus B73 
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Figure 2. Effect of drying temperature on seed moisture content of both hybrids. 
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Seed quality evaluation 
Seed germination, as measured by the warm germination test, was high (> 90%) for 
all treatments except for one sample of B73 seeds harvested at high moisture, dried at high 
temperature, and stored for four years (Table 1). Drying temperature did not significantly 
influence root or shoot tissue dry weight of seeds if harvested at low seed moisture. 
Significant declines in shoot and root diy weights were exhibited for B73 seeds harvested at 
high moisture and dried at high temperature but not in seeds dried at low temperature. 
However, the declines in shoot and root dry weights were found for A632 seeds harvested at 
high moisture and dried at either temperature. No significant differences in shoot and root 
dry weights were observed for seedlings from seeds harvested at high moisture and dried at 
low temperature regardless of parent or aging period. High drying temperature significantly 
decreased the shoot and root dry weights of seedlings from the fireshly harvested B73 seeds 
but no significant difference was observed from A632. These results confirm that B73 is 
more sensitive than A632 to high temperature drying. High temperature drying followed by 
four years of storage greatly reduced shoot and root dry weights of both hybrids but the 
extent of decline for B73 was greater than for A632. Thus B73 appears to be more sensitive 
to aging than A632. Except for the significant decline in germination percentage follovrlng 
high temperature drying and storage the general trends in shoot and root dry weights were 
similar in both the soil free cold test and warm germination test (Tables 1 and 2). Soak tests 
at both 10 and 20°C showed no differences in germination percentage, and shoot and root 
tissue dry weights between drying treatments in freshly harvested samples. However, there 
was significant difference between drying treatments in aged samples. This suggests that 
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freshly harvested seeds are tolerant of anaerobic conditions regardless of drying temperature 
but the additional damage induced by aging renders the seed intolerant of a water saturated 
environment (Tables 3 and 4). In the soil cold test germination percentage, and shoot and 
root tissue dry weights were significantly lower in both hybrids harvested at high moisture 
and dried at high temperature, and stored for four years (Table 5). Approximately 10-20% 
point declines were exhibited in shoot and root dry weights for freshly harvested A632 seeds 
while 30% point declines occurred in shoot or root dry weights for freshly harvested B73 
seeds (Table 5). Significant reductions in germination percentage were observed fi'om aged 
B73 samples harvested at high moisture and dried at low temperature while no differences 
were exhibited for A632. Very few seeds harvested at high moisture, dried at high 
temperature and stored for four years survived this test (Table 5). 
Oxygen uptake of embryonic axis 
Many physical characteristics of the seed, such as seed coat, size, and shape, influence 
the hydration pattern of seed tissue and may thereby influence respiratory measurements of 
whole seed during imbibition. When Oj consumption assays are conducted utilizing excised 
embiyos (axis with scutellum) or embryonic axes of maize, the hydration phase is completed 
within the first few minutes (Ehrenshaft and Brambl, 1990). To eliminate most of the 
hydration variability and focus on the metabolic activity of embryonic axes, oxygen uptake 
rates were measured using excised embryonic axes in this study. Results are reported on a 
Table 1. Effect of hybrid, harvest moisture, desiccation temperature and aging on maize seed germination 
and seedling development (warm germination test) 
Hybrid Harvest Drying Aging Shoot Root 
moistwe temperature period oerniinauon weight weight 
g H2O kg' fw "C years % mg seedling*' 
A632 350 35 0 97 41.6 33.6 
350 45 0 94 41.9 33.3 
450 35 0 96 36.3 29.4 
450 45 0 100 34.5 27.9 
450 35 4 95 35.2 29.9 
450 45 4 98 29.6 24.5 
B73 350 35 0 95 37.0 27.7 
350 45 0 98 36.5 26.9 
450 35 0 97 34.6 28.2 
450 45 0 96 31.0 23.6 
450 35 4 98 37.7 27.6 
450 45 4 81 24.6 11.8 
.SD(0.05) 6 3.4 2.8 
Table 2. Effect of hybrid, harvest moisture, desiccation temperature and aging on maize seed germination 











g HjO kg ' fw "C years % mg seedling*' 
A632 350 35 0 99 50.7 40.6 
350 45 0 96 51.6 40.3 
450 35 0 96 44.4 33.3 
450 45 0 98 43.4 31.5 
450 35 4 96 44.8 32.6 
450 45 4 74 39.3 22.1 
B73 350 35 0 97 43.3 33.2 
350 45 0 100 40.6 31.4 
450 35 0 98 40.8 32.4 
450 45 0 97 37.3 26.7 
450 35 4 97 41.9 30.4 
450 45 4 70 22.1 15.3 
.SD(0.05) 6 4.0 4.1 
Table 3. Effect of hybrid, desiccation temperature and aging on maize seed germination and seedling 

































































LSD(0.05) 5 6.2 6.1 
Table 4. Effect of hybrid, desiccation temperature and aging on maize seed germination and seedling 











g H^O kg' fw "C years % mg seedling' 
A632 450 35 0 98 38.2 35.4 
450 45 0 90 36.0 33.2 
450 35 4 100 40.3 30.5 
450 45 4 74 24.8 17.2 
B73 450 35 0 98 35.9 32.8 
450 45 0 100 33.7 29.6 
450 35 4 100 37.5 29.3 
450 45 4 72 26.1 16.9 
LSD(0.05) 7 7.2 6.4 
Table S. Effect of hybrid, desiccation temperature and aging on maize seed germination and seedling 











g HjO kg'fw °C years % mg seedling' 
A632 450 35 0 67 56.3 21.8 
450 45 0 47 51.3 16.9 
450 35 4 79 59.9 22.9 
450 45 4 4 25.4 9.0 
B73 450 35 0 65 57.0 28.9 
450 45 0 22 40.6 20.7 
450 35 4 36 48.4 23.7 
450 45 4 0 0 0 
LSD(0.05) 9.4 9.3 7.9 
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per mg of tissue weight as determined before the tissue was imbibed (120 g HjO kg ' fw 
moisture). During the first 4 h of imbibition there was a rapid increase in respiratory rate 
regardless of hybrid, drying temperature, and aging period (Figure 3). The rate gradually 
increased from 4 to 24 h of imbibition. The embryonic axes from freshly harvested seeds 
harvested at high moisture and dried at high temperature exhibited lower respiratory rates 
than those dried at low temperature. Large reductions in respiratory rate between 
temperature treatments were demonstrated in axes from seeds dried at high temperature and 
followed by four years of storage (Figure 3). The rankings were similar at both 4 and 24 h of 
imbibition suggesting a potentially rapid vigor estimate. 
Nucleotide levels of embryonic axes 
ATP levels of germinating embryonic axes increased rapidly during the first 4 h of 
imbibition (Table 6). In embryonic axes from maize seeds harvested at low moisture and 
dried at either low or high temperature, ATP levels increased from less than 70 to 
approximately 1150 nmol g ' fw in both hybrids in the first 4 h of imbibition (Table 6). Axes 
from seeds harvested at high moisture exhibited lower ATP levels than those from seeds 
harvested at low moisture. Differences between drying temperatures for the seeds harvested 
at high moisture were apparent after 4 h of imbibition. ATP levels in axes from seeds 
harvested at high moisture and dried at high temperature declined from about 1000 to 800 
nmol g ' fw for A632 and from about 950 to 700 nmol g ' fw for B73. Axes from seeds 
harvested at high moisture, dried at high temperatiire, and stored for four years exhibited 
significant declines in ATP levels for both hybrids. There were no significant differences 
Figure 3. Effect of hybrid, drying temperature and aging on oxygen uptake rates of 
embryonic axes from seeds harvested at high moisture. BSC fresh and 45C fresh 
represent the fresh seeds dried at 35 and 45°C while 35C aged and 45C aged 
represent the aged seeds dried at 35 and 45°C. 
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between the storage periods for either hybrid when harvested at high moisture and dried at 
low temperature (Table 6). Coincident with the increase in ATP pool size, the concentration 
of adenosine monophosphate (AMP) decreased 4 to 9 fold during the first 4 h of imbibition. 
Whereas slightly reduced adenosine diphosphate (ADP) levels were observed after 4 h of 
imbibition. No significant differences were demonstrated in AMP and ADP between hybrid, 
temperature and aging period fix)m either diy or 4 h imbibed embryonic axes (Table 6). 
The energy charge (EC) values in the quiescent axes were very low, approximately 
0.2 (Table 7). No significant differences between harvest moisture, drying temperature, and 
storage period in the quiescent embryonic axes were found (Table 7). During the first 4 h of 
imbibition, the EC values increased r^idly for all treatments. Relatively small increases in 
EC values were observed in axes firom seeds freshly harvested at high moisture and dried at 
high temperature. High drying temperature followed by storage decreased the EC values for 
both hybrids from 0.85 to 0.77 for A632 and from 0.84 to 0.71 for B73. 
Guanosine triphosphate (GTP) levels increased rapidly from non-detectable levels at 
0 h to approximately 700 tunol g"' fw for A632 and 750runol g"' fw for B73 after 4 h of 
imbibition in the axes from seeds harvested at low moisture and dried at either high or low 
temperature (Table 8). Significant reductions in GTP levels were found in axes from seeds 
harvested at high moisture and either dried at high temperature or dried at high temperature 
followed by four years of storage for both hybrids. No guanosine monophosphate (GMP) 
was detected while guanosine diphosphate (GDP) levels remained relatively stable during 4 h 
of imbibition. 
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g HjO kg'fw "C years nmol g ' fw 
A632 350 35 0 526 96 299 233 69 1127 894 1456 
350 45 0 553 88 269 247 49 1125 871 1460 
450 35 0 551 86 236 184 35 1003 822 1273 
450 45 0 569 90 259 214 37 780 865 1084 
450 35 4 495 99 250 193 44 977 789 1269 
450 45 4 533 100 269 226 39 585 841 911 
B73 350 35 0 532 90 257 222 44 1195 833 1507 
350 45 0 565 92 290 227 58 1156 913 1475 
450 35 0 569 81 234 175 43 946 846 1202 
450 45 0 558 101 260 177 45 697 863 975 
450 35 4 541 102 269 175 38 897 848 1174 
450 45 4 526 109 249 217 35 429 810 755 
LSD (0.05) 96 35 53 48 16 115 102 121 
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Table 7. Efifect of hybrid, harvest moisture, drying temperature and aging on energy charge 
levels in maize embryonic axes 
Hybrid Harvest E>iying Aging Energy charge 
moisture temperature period Hours of imbibition 
0 4 
g HjO g ' fVv °C years nmol g ' fw 
A632 350 35 0 0.22 0.86 
350 45 0 0.21 0.86 
450 35 0 0.19 0.86 
450 45 0 0.19 0.81 
450 35 4 0.23 0.85 
450 45 4 0.21 0.77 
B73 350 35 0 0.21 0.87 
350 45 0 0.21 0.86 
450 35 0 0.19 0.86 
450 45 0 0.22 0.81 
450 35 4 0.21 0.84 
450 45 4 0.20 0.71 
LSD(0.05) 0.03 0.04 
Table 8. Effect of hybrid, harvest moisture, drying temperature, and aging on GDP and GTP levels in maize embryonic axes 
Hybrid Harvest Drying Aging GDP GTP 
moisture temperature period Hours of imbibition 
0 
g HjO kg"' fw °C years nmol g ' f\v 
A632 350 35 o 276 264 ND 677 
350 45 0 268 283 ND 680 
450 35 0 258 251 ND 701 
450 45 0 262 222 ND 602 
450 45 4 252 274 ND 718 
450 35 4 288 202 ND 616 
B73 350 35 0 259 281 ND 774 
350 45 0 270 274 ND 738 
450 35 0 260 286 ND 717 
450 45 0 253 219 ND 561 
450 35 4 251 250 ND 688 
450 45 4 255 175 ND 527 
LSD(0.05) 50 47 - 51 
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The cell ultrastructure 
To clarify the effect of high temperature drying and aging on the cellular morphology, 
cells from the shoot, mesocotyl, and radicle meristem regions of quiescent and imbibing 
embryonic axes of B73 were investigated using transmission electron microscopy (TEM). At 
0 h of imbibition, mitochondria from all treatments were randomly oriented and presented 
homogeneous spherical or oval shapes with undifferentiated internal structures (Plate 1). The 
outer and inner membranes seemed to be intact in all treatments. Mitochondria from the high 
temperature drying followed by four years of storage exhibited some electron dense 
aggregates designated by arrows in the matrix while these electron dense aggregates were not 
observed in the cells of any portion of embryonic axes from seeds dried at low temperature 
(Plate 1). 
After 4 h of imbibition, mitochondria appeared to be swollen and their membranes 
appeared to be folded. Mitochondria from low temperature drying exhibited a well 
developed internal structure with abundant cristae and a uniform matrix. The electron dense 
aggregates were still observed from high temperature drying treatment (Plate 1). 
After 24 h of imbibition mitochondria from low temperature dried seeds exhibited an 
assortment of shapes, but elongated shapes, which are characteristic of metabolically active 
mitochondria, predominated (Plate 1). Groups of newly formed mitochondria were observed 
after 24 h of imbibition in the mesocotyl section from the embryonic axes of seeds dried at 
low temperatures (not shown). In contrast, the mitochondria from high temperature drying 
were less elongated and had few cristae. Mitochondria from the root tip maintained their 
spherical shape with few elongated mitochondria compared with the relatively elongated 
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mitochondria from the shoot tip and mesocotyl meristem (Plate 2). The electron dense 
aggregates within the mitochondria persisted even after 24 h of imbibition (Plate 1). 
Because the electron dense aggregates were observed only in embryonic axes from seeds 
dried at high temperature, the proportion of mitochondria exhibiting electron dense 
aggregates relative to total mitochondria was calculated. The percentage of mitochondria 
with electron dense aggregates per cell cross section may suggest a relative turnover rate and 
relative extent of damage (Plate 3). The diy cells of embiyonic axes from shoot tip, 
mesocotyl meristem and root tip exhibited 20,22, and 36%, respectively, of mitochondria 
possessing electron dense aggregates (Table 9). Compared with dry seeds no significant 
differences in electron dense aggregates were found in mitochondria after 24 h of imbibition 
from corresponding sections of embiyonic axes indicating that the mitochondria fractions 
may not have tumovered (Table 9). Significantly more mitochondria with electron dense 
aggregates were exhibited from cells of root tip than from either shoot tip or mesocotyl 
sections of embryonic axes. Thus the mitochondria with electron dense aggregates from root 
tip are significantly more than either shoot tip or mesocotyl tissue. Materials similar to 
endoplasm reticulum were apparent in both shoot tip and mesocotyl meristem but not in root 
tip of cells from seeds dried at a high temperature. X-ray assay was conducted to determine 
whether minerals existed in these electron dense aggregates (Figure 4). The result showed 
only two peaks from the nickel grid suggesting that the electron dense aggregates are 
something other than mineral. 
1. TEM micrographs of mitochondria in B73 embryonic axes from seeds harvested at 
450 g kg"' fw moisture dried at 35 or 45°C and stored for four years (X 50,000; 
bar = 0.5 ^m). A, 35°C drying at 0 h of imbibition; mitochondria present spherical 
shapes and intact inner and outer membranes. B, 45°C drying at 0 h of imbibition; 
mitochondria contain electron dense aggregates marked by arrows. C, 35°C drying 
at 4 h of imbibition; mitochondria exhibit well developed internal structure with 
cristae. D, 45°C drying at 4 h of imbibition; mitochondria were with less uniform 
matrix and cristae. Electron dense aggregates were still observed. E, 35''C drying at 
24 h of imbibition; mitochondria have dense matrix, abundant crisae and elongated 
shape. F, 45°C drying at 24 h of imbibition; mitochondria had less uniform matrix 
and less cristae. The electron dense aggregates persist. 

Plate 2. TEM micrographs of cells in B73 embryonic axes from seeds harvested at 
450 g kg ' fw moisture, dried at 45°C and stored for four years (X 50,000; 
bars = 0.5 ^m). A, the shoot tip at 24 h of imbibition; mitochondria present 
elongated shapes and contain electron dense aggregates (short arrows). Structures 
similar to ER exist (long arrows). B, mesocotyl meristem at 24 h of imbibition; 
mitochondria present with elongated shapes and electron dense aggregates; 
structures similar to ER exist. C, root tip at 24 h of imbibition; mitochondria 
present less elongated shapes and contain the electron dense aggregates, no 
structures similar to ER materials found, ob = oil body, cw = cell wall. 

3. TEM micrographs of cells in B73 embryonic axes from seeds harvested at 
450 g kg ' fw moisture dried at 35 or 45°C and stored for four years. 
A, a cross section of shoot tip from seeds dried at 45°C and stored for four years 
(X 10,000; bar = lum). B, a cross section of shoot tip from seeds dried at 35°C and 
stored for four years. (X 12,000; bar=l|im). m = mitochondrion. p = plastid. 
cw = cell wall, n = nucleus. 
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Table 9. Proportion of mitochondria in B73 embryonic axes from high moisture seeds dried 
at high temperature and stored for four years 
Section of embiyonic axis Imbibition period Mitochondria with electron 
dense aggregates 
hours % 
Shoot tip 0 20 
24 27 
Mesocotyl 0 22 
24 18 
Root tip 0 36 
24 38 
LSD(0.05) 5.3 
Figure 4. X-ray assay of the electron dense aggregates of embryonic axis mitochondria from 
B73 seeds harvested at high moisture, dried at high temperature and stored for four 
years. 
1000 counts/100 second 
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Metabolism of radioactive glucose 
High drying temperature significantly decreased both (1-'*C)- or (6-'*C)-glucose 
uptake rates of embryonic axes in both hybrids during the first 12 h of imbibition regardless 
of storage period (Figures 5 and 6). The reductions were also observed in embryonic axes 
from seeds harvested at high moisture, dried at high temperature, and stored for four years, 
but no significant differences were exhibited in embryonic axes from freshly harvested seeds 
receiving the same treatments during 24 h of imbibition. No differences between drying 
temperature or storage period were found during 36 h of imbibition. 
Evolution of'*C02 from either (1-'*C)- or (6-'*C)-glucose in all treatments increased 
between 12 and 24 h of imbibition, then decreased between 24 and 36 h of imbibition 
(Figures 7 and 8). Relatively low amounts of '^COz evolution were recorded from either 
(l-'^C)- or (6-'^C)-gIucose in embryonic axes from seeds harvested at high moisture and dried 
at high temperature during the 12 to 24 h of imbibition period. Reduction in '^CO; evolution 
from either (1-'*C)- or (6-'^C)-glucose in aged embryonic axes was observed in seeds 
receiving the same treatments and experiencing the same imbibition periods (Figures 7 
and 8). 
The ratios of Cj/C, greatly increased between 12 and 24 h of imbibition, then, 
increased slowly between 24 and 36 h of imbibition. Ratios of C^/C, were lower in axes from 
seeds harvested at high moisture, dried at high temperature, and stored for four years during 
12 and 24 h of imbibition, but no significant differences in the ratios of C^C, in axes from 
freshly harvested seeds regardless of drying temperature were exhibited (Figure 9). 
Figure 5. Effect of hybrid, drying temperature and aging on embryonic axis (l-'^C)-glucose 
uptake. F1 and F2 represent the fresh seeds harvested at high moisture, and dried 
at 35 or 45°C while A1 and A2 represent the aged seeds receiving the same 
treatments. 
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12 24 36 
Hours of imbibition 
20 , 
Hours of imbibition 
Figure 6. Effect of hybrid, drying temperatiu^ and aging on embryonic axis (6-'^C)-glucose 
uptake. F1 and F2 represent the fiesh seeds harvested at high moisture, and dried 
at 35 or 45''C while A! and A2 represent the aged seeds harvested at high moisture, 
dried at 35 or 45°C. 
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Figure 7. Effect of hybrid, drying temperature and aging on embryonic axis '^CO, evolution 
from (l-'*C)-glucose. F1 and F2 represent the fresh seeds harvested at high 
moisture, and dried at 35 or 4S°C vv^hile A1 and A2 represent the aged seeds 
harvested at high moisture, and dried at 35 or 45°C. 
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Figure 8. Effect of hybrid, drying temperature and aging on embryonic axis '^CO, evolution 
from (6-'*C)-glucose. F1 and F2 represent the fresh seeds harvested at high 
moisture, and dried at 35 or 45°C while A1 and A2 represent the aged seeds 
harvested at high moisture, and dried at 35 or 45°C. 
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Figure 9. Effect of hybrid, drying temperature and aging on the Cj/C, ratios of embryonic 
axes. F1 and F2 represent the fi^sh seeds harvested at high moisture, and dried at 
35 or 45°C while A1 and A2 represent the aged seeds harvested at high moisture, 
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Membrane integrity evaluation 
Membrane involvement in drying damage has been observed in imbibing seed (Hener 
and Burris, 1989; Koster and Leopold, 1988), pollen (Hoekstra and Roekel 1988; Hoekstra et 
al., 1989), and other anhydrobiotic organisms (Crowe, J. H. and Crowe, L. M.. 1982). In the 
present study, loss of membrane integrity was reflected by measuring individual seed 
leachate conductivity. Hybrid differences were significant from fi^shly harvested or aged 
seeds dried at low temperature (Figure 10). This may reflect genetic differences in 
membrane behavior for the two hybrids. Increased conductivity values in freshly harvested 
seeds dried at high temperature were exhibited for both hybrids. Conductivity values were 
higher in aged seeds dried at high temperature as compared with freshly harvested seeds of 
both hybrids and were higher in B73 than A632 (Figure 10). Thus, both high drying 
temperature and aging contribute to a loss in membrane integrity. The correlation of 
membrane integrity loss and ATP levels in embryonic axes is shown in Figure 11. A 
significant negative correlation was foimd for both hybrids; the slope for 373 is -23.8, and 
slope for A632 is -16.7. The results suggest that the loss of membrane integrity is more 
closely related to the decline in ATP level for B73 than for A632. Membrane leakage may 
involve a loss of protons, contributing to the decline in the proton gradient, thus affecting 
ATP synthesis. 
Figure 10. Effect of hybrid, harvest moisture, drying temperature and aging on membrane 
integrity. 3SC fresh 1 and 45 firesh 1 represent the fresh seeds harvested at low 
moisture and dried at 35 or 45°C; 35C fresh 2 and 45 fresh 2 represent the fresh 
seeds harvested at high moisture and dried at 35 or 45°C; 35C aged and 45C aged 
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Figure 11. The correlation of ATP levels of embryonic axes with membrane integrity 
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DISCUSSION 
The results of this study confirm that both high temperature drying and drying 
followed by storage can result in the reduced maize seed quality as indicated by reduced 
seedling vigor (Tables 1,2 and 5). The reduced seed quality may involve the impairment of 
membrane integrity and respiratory metabolic processes. 
Regardless of hybrid, drying temperature, or storage period, there was an increase in 
the total nucleotide pool size with imbibition time (Table 6). This was mainly due to 
increases in ATP levels as the embryonic axis imbibed water (Table 6). Analysis of 
individual nucleotide levels in embryonic axis extracts revealed significant differences 
between hybrid, drying temperature, and storage period. During the first 4 h of imbibition, 
the levels of ATP in the embryonic axis extracts increased in all treatments (Table 6). 
However, these levels increased more slowly in embryonic axes from seeds harvested at high 
moisture and dried at high temperature. Greater lower ATP levels were found in embryonic 
axes from seeds harvested at high moisture, dried at high temperature and stored for four 
years, especially for B73. High temperature drying and storage brought about similar 
changes in EC and GTP levels as well as in ATP levels. Reductions of approximately 6% in 
EC levels for both hybrids were observed in embryonic axes from high moisture seeds dried 
at high temperature. About 10 and 15% declines in EC levels for A632 and B73 were foimd 
in embryonic axes firom seeds experiencing both high temperature drying and storage 
(Table 7). GTP is a high energy donor for protein synthesis and intimately involved in all 
stages of protein synthesis (Blower et al., 1980). Reduced GTP levels in embryonic axes 
from high moisture seeds damaged by either high temperature drying or aging may result in a 
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reduction in seedling vigor by influencing protein synthesis. Mangat (1982) reported that a 
higher level of nucleotides was associated with a higher metabolic rate and thus higher 
growth potential of the seedlings. Standard et al. (1983) showed that wheat (Triticum 
aestivum L.) seed lots with reduced vigor can be distinguished fix)m high vigor seed lots of 
similar viability by their decreased levels of nucleotides and nucleotide sugars. 
In addition to differences in nucleotide levels, reduced oxygen uptake rates of 
embryonic axes from high moisture seeds damaged by either high temperature drying or 
aging (Figure 3) suggested that the damage involves the respiratory processes. This 
difference may provide a simple and fast vigor test. 
The evolution of "CO2 fi*om (l-'*C)-or (6-'*C)-glucose and the Q/C, ratios in maize 
embryonic axes fi^om all treatments increased between 12 and 36 h of imbibition suggesting 
that glucose was oxidised predominately via the glycolytic-TCA pathway. This is similar to 
a report for Vigjta radiata (Ashihara and Matsumura, 1977); the low C4/C, ratios in imbibed 
maize axes indicated participation of the pentose phosphate pathway during the first 12 h of 
imbibition. In the present study there was a general reduction in (l-'^C)- or (6-'*C)-glucose 
uptake rates and the evolution of '''CO2 from (1-"C)- or (6-'*C)-glucose in those embryonic 
axes from high moisture seeds damaged by high drying temperature or high drying 
temperature followed by four years of storage (Figures 7 and 8). 
Electron microscopy revealed marked differences between drying temperatures in the 
mitochondrial ultrastructure. After 24 h of imbibition the shoot tip, mesocotyl, and root tip 
of embryonic axes from seeds experiencing low temperature drying exhibited more elongated 
mitochondria with well developed internal structure (Plate 1). A group of newly formed 
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mitochondria were observed in a mesocotyl section of the embryonic axes from seeds 
harvested at high moisture and dried at low temperature. In contrast, mitochondria fn)m high 
moisture seeds damaged by high temperature drying followed by aging exhibited less 
differentiation (Plate 3). The electron dense aggregates as initially reported by Madden 
(1992) were found in dry axes and observed in all three embryonic sections even after 24 h of 
imbibition (Plate 1). These results indicate that high temperature drying and aging may 
impair the mitochondria and delay the mitochondrial development thus influencing 
respiratory metabolism and energy production. 
Besides the damage to respiratory process, the loss of membrane integrity was also 
demonstrated in high moisture seeds damaged by high temperature drying followed by aging. 
A significant negative correlation between the ATP levels in embryonic axis following 4 h of 
imbibition and their conductivity values from 4 h of soaking were found for both hybrids 
suggesting that the loss of membrane integrity is related the decline in ATP levels. 
In sununaiy, high temperature drying and aging may result in injiuy to the 
mitochondria, a delay in mitochondrial development, and the impairment of the loss of cell 
membrane integrity. The metabolic damage may be reflected as reductions in oxygen uptake, 
reductions in ATP, EC, and GTP levels, reductions in (l-'*C)-or (6-'^C)-glucose uptake, and 
the evolution of "COj from (l-'^C)-or (6-'*C)-glucose. These results suggest insufficient 
energy production due to either damage of respiratory processes or loss of cellular membrane 
integrity contribute to the reduced seedling vigor. 
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Because hybrid maize seed producers depend on artificial drying to reduce seed 
moisture to safe levels (120 g HjO kg ' fw), the demands on large scale drying facilities and 
their limited capacity often compel seed producers to use higher dr>'ing temperatures. 
Further, substantial amounts of seed are normally carried over in storage for more than one 
year. Either high temperature drying or drying followed by a period of storage during which 
seed may experience aging often results in reduced seed quality or vigor. This study was 
designed to examine the effects of the genotype, drying temperature, and aging on seed 
quality parameters and to identify physiological and biochemical parameters or processes 
associated with seed drying and aging damage. 
Quality test results confirmed that drying at 4S°C reduced seedling vigor of the seeds 
harvested at 450 g H2O kg"' fw moisture in the susceptible 873 hybrid whereas the A632 
hybrid was relatively tolerant. B73 harvested at high moisture required a significantly longer 
drying time than A632 suggesting that increased damage in B73 may be due to the extended 
exposure to high temperature. Larger reductions in seedling vigor for both hybrids were 
found in seeds receiving the same drying treatment followed by four years of storage. 
Physiological and/or biochemical results confirmed that high temperature drying or 
drying followed by storage resulted in the presence of electron dense aggregates which may 
reflect injury to the matrix structure of the conserved mitochondria. Electron dense 
aggregates were more common in the root tip than in the mesocotyl meristem and shoot tip. 
X-ray assay indicated that the electron dense aggregates consisted of something other than 
minerals. It is known that many important respiratory enzymes including ATP synthase 
82 
reside in the mitochondrial cristae membrane. If they aggregate due to high temperature 
drying the production of energy during imbibition can be affected. In this study reductions in 
ATP, GTP and EC levels supported this hypothesis. Loss of cell membrane integrity during 
high temperature drying or drying followed by four years of storage was reflected by the 
increased conductivity values. Membrane leakage may be reflected in a loss of protons and a 
decline in the proton gradient, further reducing energy production. Therefore, we concluded 
that damage to either respiratory processes or loss of cellular membrane integrity resulted in 
reductions in metabolic activity as shown by reductions in uptakes of oxygen and/or (l-'^C)-
or (6-"C)-glucose, and the evolution of '^COj from (1-"C)- or (6-'*C)-glucose. This reduced 
metabolic activity may result in insufficient energy production further contributing to 
reduction in seedling vigor. 
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APPENDIX 
Table A-1. Analysis of variance for warm germination test. Ames, Iowa, 1994. 
Variable Source DF Mean Square F value P>F 
Germination hy 1 6.0 0.20 0.6607 
dt 1 1232.7 41.1 0.0001 
ap 1 560.7 18.7 0.0005 
hy xdt 1 0.7 0.02 0.8834 
dt X ap 1 640.7 21.4 0.0003 
hy X ap 1 0.7 0.02 0.2-J34 
hy X dt X ap 1 0.7 0.02 0.8834 
Shoot weight hy 1 57.7 13.6 0.0020 
dt 1 312.5 73.8 0.0001 
ap 1 95.2 22.5 0.0002 
hy xdt 1 73.5 17.4 0.0007 
dt X ap 1 145.0 34.2 0.0001 
hy X ap 1 5.6 1.3 0.2669 
hy X dt X ap 1 56.4 13.3 0.0022 
Root weight hy 1 147.0 48.2 0.0001 
dt 1 296.2 95.9 0.0001 
ap 1 80.7 26.4 0.0001 
hy xdt 1 74.9 24.6 0.0001 
dtx ap 1 93.6 30.7 0.0001 
hy X ap 1 28.6 9.4 0.0074 
hy X dt x ap 1 24.8 8.1 0.0115 
hy=hybrid. dt=<irying temperature. ap=aging period. 
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Table A-2. Analysis of variance for soil fiee cold germination test. Ames, Iowa. 1994 
Variable Source DF Mean Square F value P>F 
Germination hy 1 24.0 0.72 0.4087 
dt 1 1290.7 38.72 0.0001 
ap I 1666.7 50.00 0.0001 
hy xdt 1 170.7 5.12 0.0379 
dtxap 1 1536.0 46.08 0.0001 
hy xap 1 66.7 2.00 0.1765 
hy X dt X ap 1 96.0 2.88 0.1090 
Shoot weight hy 1 164.3 99.09 0.0001 
dt 1 564.5 340.43 0.0001 
ap 1 266.7 160.80 0.0001 
hy xdt 1 23.2 13.99 0.0018 
dtx ap 1 331.5 199.92 0.0001 
hy xap 1 0.81 0.49 0.4955 
hy X dt x ap 1 3.2 1.95 0.1821 
Root weight hy 1 70.7 34.26 0.0001 
dt 1 560.7 271.62 0.0001 
ap 1 398.5 193.07 0.0001 
hy X dt 1 61.4 29.77 0.0001 
dtxap 1 398.5 193.07 0.0001 
hy X ap 1 6.2 3.00 0.1023 
hy X dt X ap 1 5.0 2.44 0.1377 
hy=hybrid. dt=drying temperature. ap=aging period. 
Table A-3. Analysis of variance for soaking germination test at 10°C. Ames, Iowa, 1994 
Variable Source DF Mean Square F value P>F 
Germination hy 1 25.0 0.64 0.4465 
dt 1 961.0 24.64 0.0011 
ap 1 441.0 11.31 0.0099 
hy xdt 1 25.0 0.64 0.4465 
dt X ap 1 625.0 16.03 0.0039 
hy xap 1 25.0 0.64 0.4465 
hy X dt X ap 1 25.0 0.64 0.4465 
Shoot weight hy 1 14.3 1.22 0.3008 
dt 1 247.3 21.23 0.0017 
ap 1 58.1 4.99 0.0559 
hy xdt 1 1.6 0.14 0.7184 
dt X ap 1 129.4 11.11 0.0103 
hy X ap 1 0.6 0.05 0.8260 
hy X dt X ap 1 1.5 0.13 0.7289 
Root weight hy 1 2C.03 2.88 0.1284 
dt 1 224.25 32.21 0.0005 
ap 1 365.77 52.53 0.0001 
hy X dt 1 0.02 0.00 0.9634 
dt X ap 1 101.51 14.58 0.0051 
hy X ap 1 1.76 0.25 0.6291 
hy X dt X ap 1 0.46 0.07 0.8046 
hy=hybrid. dt=drying temperature. ap=aging period. 
Table A-4. Analysis of variance for soaking germination test at 20°C. Ames, Iowa, 1994 
Variable Source DF Mean Square F value P>F 
Germination hy 1 25.0 2.27 0.1704 
dt 1 169.0 15.36 0.0044 
ap 1 121.0 11.00 0.0106 
hy xdt 1 25.0 2.27 0.1701 
dt X ap 1 121.0 11.00 0.0106 
hy X ap 1 49.0 4.45 0.0678 
hy X dt X ap 1 49.0 4.45 0.0678 
Shoot weight hy 1 68.9 16.8 0.0034 
dt 1 272.3 66.5 0.0001 
ap 1 56.3 13.7 0.0060 
hy xdt 1 7.0 1.7 0.2266 
dt x ap 1 223.5 54.6 0.0001 
hy X ap 1 12.6 3.1 0.1174 
hy X dt X ap 1 2.6 0.6 0.4518 
Root weight hy 1 133.4 26.68 0.0009 
dt 1 412.0 82.42 0.0001 
ap 1 162.6 32.51 0.0005 
hy xdt 1 0.2 0.03 0.8625 
dt X ap 1 246.5 49.30 0.0001 
hy X ap 1 60.1 12.01 0.0085 
hy X dt X ap 1 0.25 0.05 0.8287 
hy=hybrid. dt=drying temperature. ap=aging period. 
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Table A-5. Analysis of variance for soil cold germination test. Ames, Iowa, 1994 
Variable Source DF Mean Square F value P>F 
Germination hy 1 2016.7 69.1 0.0001 
dt 1 11266.7 386.3 0.0001 
ap 1 2562.7 87.9 0.0001 
hy X dt 1 80.7 2.8 0.1158 
dtxap 1 864.0 29.6 0.0001 
hy X ap 1 150.0 5.2 0.0375 
hy X dt X ap 1 1472.7 50.5 0.0001 
Shoot weight hy 1 1073.3 73.6 0.0001 
dt 1 3569.7 244.8 0.0001 
ap 1 1579.5 108.3 0.0001 
hy X dt 1 383.2 26.3 0.0001 
dtxap 1 1122.0 76.9 0.0001 
hy X ap 1 425.9 29.2 0.0001 
hy X dt X ap 1 32.0 2.2 0.1581 
Root weight hy 1 1.9 0.09 0.7634 
dt 1 945.0 46.00 0.0001 
ap I 392.0 19.08 0.0005 
hy X dt 1 65.3 3.18 0.0935 
dtxap 1 219.6 10.69 0.0048 
hy X ap 1 140.2 6.82 0.0189 
hy X dt X ap 1 18.7 0.91 .3539 
hy=hybrid. dt=drying temperature. ap=aging period. 
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Table A-6. Analysis of variance for AMP, ADP and ATP 
Variable Imbibition Source DF Mean Square F value P>F 
hour 
AMP 0 hy 1 4760.2 1.54 0."327 
dt 1 5221.5 1.69 0.2123 
ap 1 17712.7 5.72 0.0293 
hy xdt 1 4056.0 1.31 0.2691 
dtxap 1 541.5 0.18 0.6813 
hy xap 1 2128.2 0.69 0.4191 
hy X dt X ap 1 4704.0 1.52 0.2354 
AMP 4 hy 1 0.2 0.00 0.9873 
dt 1 88.2 0.14 0.7159 
ap 1 1806.7 2.81 0.0033 
hy X dt 1 8.2 0.01 0.9116 
dtxap 1 0.7 0.00 0.9747 
hy xap 1 192.7 0.30 0.5915 
hy X dt X ap 1 16.7 0.03 0.8741 
ADP 0 hy 1 5.0 0.01 0.9420 
dt 1 828.4 0.90 0.3574 
ap 1 900.4 0.98 0.3379 
hy X dt 1 532.0 0.58 0.4587 
dtxap 1 900.4 0.98 0.3379 
hy X ap 1 0.04 0.00 0.9947 
hy X dt X ap 1 651.0 0.71 0.4133 
hy=hybrid. dt=drying temperature. ap=aging period. 
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Table A-6. (continued) 
Variable Imbibition Source DF Mean Square F value P>F 
hour 
ADP 4 hy 1 294.0 0.38 0.5445 
dt 1 793.5 1.03 0.3242 
ap 1 32.7 0.04 0.8391 
hy X dt 1 1148.2 1.50 0.2388 
dt X ap 1 8.2 0.01 0.9191 
hy X ap 1 54.0 0.07 0.7941 
hy X dt X ap 1 1.5 0.00 0.9653 
ATP 0 hy 1 13.5 0.15 0.7019 
dt 1 6.0 0.07 0.7983 
ap 1 6.0 0.07 0.7983 
hy X dt 1 1.5 0.02 0.8983 
dt X ap 1 54.0 0.61 0.4471 
hy X ap 1 253.5 2.85 0.1106 
hy X dt X ap 1 1.5 0.02 0.8983 
ATP 0 hy 1 51987.0 7.93 0.0124 
dt 1 660348.4 100.74 0.0001 
ap 1 110016.0 16.79 0.0008 
hy X dt 1 21540.0 3.29 0.0887 
dt X ap 1 23751.0 3.62 0.0751 
hy X ap 1 610.0 0.09 0.7642 
hy X dt X ap 1 1080.0 0.16 0.6902 
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Table A-7. Analysis of variance for EC values 
Variable Imbibition Source DF Mean Square F value P>F 
horn-
EC 0 hy 1 0.0004 1.62 0.2213 
dt 1 0.0002 0.98 0.3369 
ap 1 0.0018 8.82 0.0090 
hy X dt 1 0.0001 0.50 0.4897 
dtxap 1 0.0007 3.38 0.0846 
hy X ap 1 0.0009 4.50 0.0499 
hy X dt X ap 1 0.0002 0.98 0.3369 
EC 4 hy 1 0.0051 4.02 0.0623 
dt 1 0.0273 21.51 0.0003 
ap 1 0.0063 4.99 0.0402 
hy X dt 1 0.0051 4.02 0.0623 
dt X ap 1 0.0009 0.74 0.4031 
hy X ap 1 0.0000 0.00 0.9550 
hy X dt X ap 1 0.0000 0.00 0.9550 
hy=hybrid. dt=dr>'ing temperature. ap=aging period. 
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Table A-8. Analysis of variance for GDP and GTP 
Variable Imbibition Source DF Mean Square F value P>F 
hour 
GDP 0 hy 1 600.0 0.71 0.4115 
dt 1 468.2 0.55 0.4671 
ap 1 66.7 0.08 0.7822 
hy X dt 1 661..5 0.78 0.3890 
dtxap 1 704.2 0.83 0.3745 
hy X ap 1 266.7 0.32 0.5818 
hy X dt X ap 1 160.2 0.19 0.6689 
GDP 4 hy 1 121.5 0.17 0.6885 
dt 1 21961.5 30.13 0.0001 
ap 1 2242.7 3.08 0.0986 
hy X dt 1 640.7 0.88 0.3624 
dt X ap 1 937.5 1.29 0.2735 
hy X ap 1 2604.2 3.57 0.0770 
hy X dt X ap 1 450.7 0.62 0.4432 
GTP 4 hy 1 16642.7 22.5 0.0002 
dt 1 108541.5 146.8 0.0001 
ap 1 2016.7 2.73 0.1181 
hy X dt 1 6402.7 8.7 0.0096 
dtxap 1 640.7 0.9 0.3658 
hy X ap 1 368.2 0.5 0.4906 
hy x dt X ap 1 1700.2 2.3 0.1489 
hy=hybrid. dt=diying temperature. ap=aging period. 
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Table A-9. Analysis of variance for O2 uptake rate of embiyonic axes 
Imbibition Source DF Mean Square F value P>F 
hour 
4 hy 1 0.38 1.36 0.2614 
dt 1 5.23 18.89 0.0005 
ap 1 1.40 5.07 0.0388 
hy X dt 1 0.02 0.01 0.9391 
dtxap 1 0.14 0.49 0.4949 
hy x ap 1 0.00 0.00 1.0000 
hy X dt X ap 1 0.01 0.02 0.8786 
8 hy 1 0.54 2.76 0.1159 
dt 1 18.03 92.25 0.0001 
ap 1 0.60 3.08 0.0984 
hy X dt 1 2.28 11.68 0.0035 
dtxap 1 4.17 21.32 0.0003 
hy X ap 1 0.96 4.91 0.0415 
hy X dt X ap 1 0.60 3.08 0.0984 
12 hy 1 0.05 0.27 0.6120 
dt 1 9.50 50.44 0.0001 
ap 1 1.98 10.53 0.0051 
hy X dt 1 0.07 0.37 0.5495 
dt X ap 1 0.77 4.09 0.0602 
hy X ap 1 1.17 6.21 0.0240 
hy X dt X ap 1 0.51 2.71 0.0092 
hy=hybrid. dt=diying temperature. ap=aging period. 
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Table A-9. (continued) 
Imbibition 
hour 
Source DF Mean Square F value P>F 
24 hy 1 0.002 0.001 0.9353 
dt 1 12.042 49.15 0.0001 
ap 1 4.335 17.69 0.0007 
hy xdt 1 0.327 1.33 0.2652 
dtxap 1 0.540 2.20 0.1571 
hy xap 1 0.107 0.44 0.5187 
hy X dt X ap 1 0.202 0.82 0.3777 
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Table A-10. Analysis of variance for (l-'*C)-glucose uptake rate of embryonic axes 
Imbibition Source DF Mean Square F value P>F 
hour 
12 hy 1 1.45 X 10* 0.23 0.6345 




ap 1 1.96 X 10'° 31.66 0.0001 
hy X dt 1 2.40 X 10* 0.39 0.5418 
dt X ap 1 2.39 X 10* 0.39 0.5432 
hy X ap 1 3.40 X 10' 5.50 0.0323 
hy X dt X ap 1 1.17 X 10' 0.02 0.8923 
24 hy 1 4.18 X 10* 2.53 0.1310 
dt 1 4.74 X 10' 28.74 0.0001 
ap 1 7.95 X 10' 48.23 0.0001 
hy X dt 1 1.64x10* 0.99 0.3341 
dt X ap 1 3.31 X 10' 20.09 0.0004 
hy X ap 1 1.69 X 10* 1.03 0.3260 
hy X dt X ap 1 2.03 X 10* 1.23 0.2833 
36 hy 1 4.02 X 10* 1.26 0.2775 
dt 1 5.99 X 10' 0.19 0.6703 
ap 1 3.13 X 10* 0.98 0.3365 
hy X dt 1 2.73 X 10' 0.09 0.7733 
dt X ap 1 1.95x10* 0.61 0.4457 
hy X ap 1 4.67 X 10* 1.47 0.2435 
hy X dt X ap 1 9.87 X 10' 0.03 0.8625 
hy=hybrid. dt=drying temperature. ap=aging period 
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Table A-11. Analysis of variance for (6-'*C)-glucose uptake rate of embryonic axes 
Imbibition Source DF Mean Square F value P>F 
hour 
12 hy 1 4.31 X 10* 9.21 0.0079 
dt 1 8.32 X 10' 177.74 0.0001 
ap 1 1.88x10' 40.09 0.0001 
hy X dt 1 2.47 X 10' 0.53 0.4783 
dt X ap 1 1.95 X 10" 4.17 0.0580 
hy X ap 1 1.58 X 10' 0.34 0.5689 
hy X dt X ap 1 9.44 X 10' 2.01 0.1750 
24 hy 1 3.59 X 10* 1.04 0.3240 
dt 1 4.99 X 10' 14.37 0.0016 
ap 1 9.56 X 10' 27.55 0.0001 
hy X dt 1 1.73 X 10' 0.05 0.8263 
dt X ap 1 7.62 X 10" 2.20 0.1578 
hy X ap 1 4.70 X 10' 0.14 0.7178 
hy X dt X ap 1 2.48 X 10" 0.71 0.4108 
36 hy 1 6.90 X 10" 5.02 0.0397 
dt 1 4.04 X 10" 2.93 0.1061 
ap 1 8.17 X 10" 5.94 0.0269 
hy X dt 1 7.61 X 10" 5.53 0.0319 
dt X ap 1 5.30 X 10" 3.85 0.0674 
hy X ap 1 4.03 X 10" 2.93 0.1065 
hy X dt X ap 1 8.45 X 10" 6.14 0.0247 
hy=hybrid. dt=drying temperature. ap=aging period. 
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Table A-12. Analysis of variance for '^COj evolution % from (l-'*C)-glucose 
Imbibition Source DF Mean Square F value P>F 
hour 
12 hy 1 1.13 8.87 0.0089 
dt 1 6.83 53.72 0.0001 
ap 1 23.20 182.61 0.0001 
hy X dt 1 0.17 1.31 0.2690 
dt X ap 1 0.67 5.25 0.0359 
hy X ap 1 3.53 27.75 0.0001 
hy X dt X ap 1 0.00 0.00 1.0000 
24 hy 1 0.02 0.05 0.8323 
dt 1 7.26 22.42 0.0002 
ap 1 7.94 24.51 0.0001 
hy X dt 1 0.54 1.67 0.2149 
dt X ap 1 2.16 6.67 0.0200 
hy X ap 1 1.60 4.95 0.0409 
hy X dt X ap 1 0.81 2.49 0.1342 
36 hy 1 0.04 0.15 0.7016 
dt 1 0.74 2.68 0.1208 
ap 1 0.08 0.30 0.5925 
hy X dt 1 0.28 1.03 0.3255 
dt X ap 1 0.02 0.05 0.8179 
hy X ap 1 0.28 1.03 0.3255 
hy X dt X ap 1 0.48 1.76 0.2033 
hy=hybrid. dt=(irying temperature. ap=aging period. 
Table A-13. Analysis of variance for '*C02 evolution % from (6-'*C)-glucose 
Imbibition Source DF Mean Square F value P>F 
hour 
12 hy 1 0.54 14.56 0.0015 
dt 1 3.53 95.10 0.0001 
ap 1 2.67 71.91 0.0001 
hy X dt 1 0.11 2.88 0.1093 
dt X ap 1 0.81 21.75 0.0003 
hy X ap 1 0.81 21.75 0.0003 
hy X dt X ap 1 0.03 0.72 0.4089 
24 hy 1 2.54 28.97 0.0001 
dt 1 9.88 112.93 0.0001 
ap 1 0.01 0.08 0.7861 
hy X dt I 0.08 0.93 0.3484 
dt X ap 1 1.93 22.02 0.0002 
hy X ap 1 0.33 3.73 0.0712 
hy X dt X ap 1 0.24 2.74 0.1172 
36 hy 1 2.28 10.01 0.0060 
dt 1 1.82 7.96 0.0123 
ap 1 5.61 24.60 0.0001 
hy X dt 1 0.17 0.73 0.4051 
dt X ap 1 1.22 5.33 0.0346 
hy X ap 1 0.04 0.18 0.6747 
hy X dt X ap 1 0.17 0.73 0.4051 
hy=hybrid. dt=drying temperature. ap=aging period. 
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Table A-14. Analysis of variance for CJC^ ratios 
Imbibition Source DF Mean Square F value P>F 
hour 
12 hy 1 0.0024 1.66 0.2159 
dt 1 0.0182 12.55 0.0027 
ap I 0.0081 5.58 0.0312 
hy X dt 1 0.0014 0.93 0.3483 
dt X ap 1 0.0104 7.20 0.0163 
hy X ap 1 0.0001 0.05 0.8327 
hy X dt X ap 1 0.0002 0.10 0.7515 
24 hy 1 0.0442 3.49 0.0802 
dt 1 0.0030 0.24 0.6310 
ap 1 0.1162 9.17 0.0080 
hy X dt 1 0.0040 0.32 0.5817 
dt X ap 1 0.0001 0.01 0.9289 
hy X ap 1 0.0018 0.15 0.7083 
hy X dt X ap 1 0 0009 0.07 0.7891 
36 hy 1 0.0400 5.24 0.0360 
dt 1 0.0171 2.23 0.1544 
ap 1 0.2128 27.86 0.0001 
hy X dt 1 0.0017 0.22 0.6467 
dt X ap 1 0.0171 2.23 0.1544 
hy X ap 1 0.0038 0.49 0.4935 
hy X dt X ap 1 0.0150 1.96 0.1802 
hy=hybrid. dt=drying temperature. ap=aging period. 
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Table A-15. Analysis of variance for conductivity 
Variable Imbibition 
hour 
Source DF Mean Square F value P>F 
Conductivity 4 hy 1 759.4 85.97 0.0001 
dt 1 876.0 99.17 0.0001 
ap 1 135.4 15.33 0.0012 
hy xdt 1 18.4 2.08 0.1685 
dtxap 1 165.4 18.72 0.0005 
hy X ap 1 247.0 27.97 0.0001 
hy X dt X ap 1 5.0 0.57 0.4609 
Conductivity 8 hy 1 715.0 42.37 0.0001 
dt 1 1584.4 93.89 0.0001 
ap 1 210.0 12.45 0.0028 
hy X dt 1 165.4 9.80 0.0065 
dt X ap 1 210.1 12.45 0.0028 
hy X ap 1 590.0 34.97 0.0001 
hy X dt X ap 1 22.0 1.31 0.2699 
Conductivity 12 hy 1 726.0 52.21 0.0001 
dt 1 2090.7 161.86 0.0001 
ap 1 400.2 30.98 0.0001 
hy X dt 1 121.5 9.41 0.0074 
dt X ap 1 416.7 32.26 0.0001 
hy X ap 1 450.7 34.89 0.0001 
hy X dt X ap 1 0.2 0.01 0.9110 
hy=hybrid. dt=drying temperature. ap=aging period. 
TableA-15. (continued) 
100 
Variable Imbibition Source DF Mean Square F value P>F 
hour 
Conductivity 16 hy 1 876.0 39.37 0.0001 
dt 1 2625.0 117.98 0.0001 
ap 1 852.0 38.29 0.0001 
hy X dt 1 198.4 8.92 0.0087 
dtx ap 1 805.0 36.18 0.0001 
hy X ap 1 610.0 27.42 0.0001 
hy X dt X ap 1 3.4 0.15 0.7021 
Conductivity 24 hy 1 560.7 16.08 0.0010 
dt 1 4004.2 114.81 0.0001 
ap 1 1014.0 29.08 0.0001 
hy X dt 1 196.7 5.52 0.0319 
dtxap 1 793.5 22.75 0.0002 
hy X ap 1 28.2 0.81 0.3821 
hy X dt x ap 1 816.7 23.42 0.0002 
